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III-V semiconductor nanowires (NWs) have shown great potential to be 
building blocks for optical, optoelectronic, and electronic devices due to their 
special transverse confinement of electrons and photons along the nanowire 
axis. In addition, semiconductor nanowires with subwavelength structures 
exhibit strong optical Mie resonance, making them ideal platforms for realizing 
novel optical devices, such as extreme solar energy absorbers and broadband 
light trapping devices. This special 1D optical Mie resonance can be enhanced 
by using semiconductor-core dielectric-shell (CS) and   metal-core 
semiconductor-shell dielectric-outer shell (CSS) nanowire heterostructures. 
Those advantages can be even leveraged up by utilizing nanowire arrays, 
attributing to the increasing optical inter-wire interaction between incident 
light and nanostructures. 
However, to form a very thin, vertical IIIV nanowire array is challenging for 
both conventional top-down and bottom-up approaches due to the limitation of 
xv 
the resolution of lithographically defined masks and thermodynamic limits of 
growth direction and diameter of nanowires, respectively. By employing 
nanoscale self-mask effects, those limitations can be circumvented. In this 
dissertation, we presented a novel top-down etching method to fabricate very 
thin, high aspect ratio and vertical III-V nanowire arrays without 
lithographically defined masks. The mechanism of the formation of nanowire 
arrays was proposed and verified by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) in this work. Optical 
characterizations, such as optical reflectance and Raman spectroscopy, were 
also performed on those nanowire arrays. By employing those nanowire arrays, 
broadband light trapping can be achieved. 
Besides, the effects of contact electrodes, such as indium tin oxide (ITO), 
silver, and copper, on semiconductor nanowire solar cell devices with different 
bandgaps were also investigated with a focus on optical absorption. Although 
traditional conductive oxide materials, such as indium tin oxide (ITO) and 
aluminum zinc oxide (AZO), have been successfully used in solar cell thin film 
devices, those conductive oxide contact electrodes will have different optical 
behavior applied in 1D nanowire devices due to 1D optical Mie resonance in 
nanowires. We found metal contact electrodes, such as silver and copper, will 
have comparable optical performance with conventional ITO contact 
electrodes while the semiconductor nanowire devices approaching to 1D limit. 
Our results also show the contact electrodes will affect the semiconductor 
xvi 
materials with different bandgaps through different ways, which can be 
considered as a guideline for the future device applications.                                                                       
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CHAPTER 1 INTRODUCTION AND MOTIVATION 
1.1 Historical Review of the Formation and Application of Semiconductor Nanowires 
Over the past few decades, a plethora of studies have been reported in the field of 
low dimensional semiconductor systems, including 2 D quantum wells,[1-4] 1 D 
nanowires,[5-7] and 0 D quantum dots.[8-10] By reducing the dimensionality of 
semiconductor nanomaterials, the physics and chemistry properties of semiconductor 
nanomaterials can be drastically changed from their bulk counterparts.[11-14]   
Among these low dimensional systems, semiconductor nanowires have drawn huge 
attention attributing to its unique way to conduct electrons and phonons under 1D 
confinement,[5, 15] special 1D optical resonance,[16-21] and larger reactive surface 
than 2D thin film and 0D quantum dot systems. Once the diameter of semiconductor 
nanowires approaching 1D limit, there are only longitudinal channels allowed for the 
transportation of electrons and phonons, but confinement in transverse direction for 
electrons, phonons, and photons. In the past decade, extensive studies have been 
reported on semiconductor nanowires for many applications, including high 
performance nanoelectronics,[15, 22]  nanophotonics,[7] solar energy harvesting,[6, 
17, 21, 23]as well as nanosensors.[24, 25] Specifically, semiconductor nanowire arrays 
have demonstrated potentials for energy application, such as photovoltaics[19, 20, 26], 
photocatalytic applications.[27-29]     Moreover, the physics properties of 
semiconductor nanowire devices can be considerable changed by varying chemical 
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compositions, material combinations, and structure configurations of nanowires, such 
as low energy consumption tunneling devices made of semiconductor core/shell 
heterostructure nanowires,[30, 31] plasmonics-enhanced light absorption by 
semiconductor-metal nanowire heterostructures,[23] and light trapping by 
semiconductor nanowire arrays.[18, 20, 32-34]  
Amon all semiconductor materials, III-V semiconductor materials, such as GaSb, 
GaAs, InAs, and InSb, have shown to be advantageous due to their high electron 
mobility and direct band gap (Table 1.1), making those III-V semiconductor 
nanowires ideal platforms for exploring and realizing physics phenomena in 1D limit, 
such as the exploration of the Majorana fermions, 1D conductance quantization, and 
the 1D optical Mie resonance. Specifically, III-V semiconductor nanowires are 
demonstrated to be a great candidate for solar energy harvesting due to those unique 
transport characteristics and optical resonance. Solar energy in different wavelength 
regimes can be utilized by III-V semiconductor materials with different bandgaps 
through different approaches according to Shockley Queisser theory.[35-37] For 
example, solar energy in the visible light regime can be utilized by InP, which can 
effectively absorb solar light with wavelength below 930 nm.  Solar radiation in the 
near-infrared regime can also be utilized by thermophotovoltaic devices made of small 
bandgap semiconductor materials,[38] such as GaSb, which can more effectively 
convert thermal radiation into electric energy than traditional Si photovoltaic 
devices.[39-41] Energetic solar radiation is a promising energy source for driving 
water splitting reaction for the hydrogen production. Specifically, the minimum 
electric potential required to split water into oxygen and hydrogen is 1.23 V,[42] thus 
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solar cell devices made of middle to wide bandgap semiconductor materials,[23, 43], 
such as GaP,[44, 45]  are great candidates for this application.  Besides, III-V multi-
junction solar cells, which were made of III-V semiconductor materials with different 
gaps, have been proven to be able to improve the solar energy conversion efficiency 
drastically, making them potential candidates for the future solar energy application. 
[46-49]        
 Table 1.1 The comparison of electron effective mass, bandgap, and electron mobility 
in room temperature for commonly used IV and III-V semiconductor. 
 
 Electron Mobility 
(cm2/Vs) 
Band gap (eV)  Band Gap 
Si  1400 1.12 Indirect 
Ge  3900 0.67 Indirect 
InSb 70000 0.17 Direct 
InAs 40000 0.35 Direct 
GaSb 3000 0.73 Direct 
InP 5400 1.34 Direct 
GaAs 8500 1.42 Direct 
GaP 250 2.26 Indirect 
 
For the application of III-V semiconductor nanowire devices, one critical issue is 
how to form very thin nanowire structures. Those semiconductor nanowires can be 
formed by bottom-up growth method by chemical or physical deposition or by top-
4 
down-etching method by reactive ions or wet etchants. For bottom-up growth method, 
it is challenging to reach good position and orientation controls of nanowires. Besides, 
the minimum diameter of nanowires reached will be limited thermodynamically 
depending on the growth mechanisms.  By using lithographically defined mask, top-
down etching methods have exhibited good position and orientation control of 
nanowires. However, the diameter of nanowires is limited by the resolution of 
lithographically defined masks. Besides, it is usually very expensive to reach position 
and orientation with high precision by top-down fabrication methods.  
1.2 Optical Absorption in 1D Nanowire System          
Low dimensional semiconductor nanostructures have been demonstrated to be a 
great candidate in the application of light management [18, 20, 50, 51] and light-
electricity conversion.[3, 9, 16, 17, 19-21] One critical issue for those applications is 
how to enhance the optical absorption by semiconductor nanostructures. Traditional 
wisdom to enhance the absorption of light by a semiconductor device is to trap light in 
the semiconductor devices using an antireflection layer. By coating an antireflection 
layer on the surface of the semiconductor device, light trapping can be realized in the 
semiconductor device by reducing the reflected light through destructively interfering 
the reflected light.[52] Conventional choice of this antireflection layer is non-
absorbing transparent dielectric thin films, which has the optical thickness equal to 
quarter of the wavelength of the incident light. Therefore, destructive interference can 
occur between the light reflected by the dielectric-semiconductor devices, resulting in 
the trap of light. In addition, light trapping is also reported to be realized by utilizing 
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metal-semiconductor heterostructures. By using metal-semiconductor heterostructures, 
the absorption of light by semiconductor part can be considerably enhanced, as a result 
of surface plasmon resonances (SPRs) happening in the metal counterpart. Light 
energy has been successfully demonstrated to be concentrated by this surface plasmon 
resonance in the semiconductor part of a semiconductor-metal core-multishell (CSS) 
nanowire structure,[23] resulting in the enhancement of absorption of light. Besides, 
semiconductor surface coated with nanostructures with sub-wavelength sizes, such as 
nanowire[16, 18, 20, 51] and nanocone arrays[53, 54], are also found to be able to trap 
light, attributing to their special light-matter interactions with incident light. In my 
graduate study, we experimentally investigate the light trapping phenomena in random 
GaSb nanowire arrays.  We also performed RCWA simulation on the optical 
reflectance of those GaSb nanowire arrays.  By those studies, we can better understand 
the physics and mechanism behind those light trapping phenomena in semiconductor 
nanostructure arrays. 
In addition to the light trapping phenomena in semiconductor nanowire arrays, we 
also investigate the optical absorption phenomena by single semiconductor nanowire, 
especially core-shell nanowire heterostructures. Semiconductor nanowire core-shell 
heterostructures were extensively used as building blocks in the application of light 
energy conversion devices, such as photovoltaic[19, 34] and photocatalytic[17, 23] 
devices.   By utilizing semiconductor-core contact electrodes-shell nanowire devices 
with proper sizes and dimensions, light energy can be effectively absorbed and 
transferred due to larger reactive area of nanowire devices for the generation of 
photoelectrons and larger contact area with electrodes respectively comparing to 
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traditional thin film devices. In those applications, the contact electrodes will play a 
critical role affecting the efficiency of photovoltaic devices. The contact electrodes 
would be required to conduct electrons and transmit photons simultaneously, thus 
required     	
      ically thin.  Traditional metal contact 
electrodes, such as Ag and Cu contacts, exhibit great capability to conduct electric 
current. However, those metal contact electrodes show poor optical transparency in 
thin film photovoltaic devices. Conventional wisdom choosing the contact electrode in 
the application of photovoltaics is by utilizing heavily doped large band gap metal 
oxides, such as indium tin oxide(ITO), zinc oxide with aluminum(AZO) or gallium 
and indium dopants(IGZO). Although metal oxides, such as indium oxide and zinc 
oxide, exhibit great optical transparency due to its large band gap, the electric 
conductivity of them is usually poor. Therefore, doping is usually required for those 
metal oxides to remedy their poor electric conductivity to be used as electric 
electrodes.  In my graduate study, a theoretical investigation was performed on the 
optical absorption of semiconductor thin film and nanowire devices coated with ITO 
and metal contact electrodes under solar radiation with focuses on the thickness of the 
contact electrodes and the bandgap of semiconductor. We found those contact 
electrodes will have very different behavior as the nanowire devices approach 1D limit 
due to different resonant coupling with incident light comparing to conventional 2D 
thin film devices.      
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1.3 Formation of Semiconductor Nanowire by Bottom-up Growth Methods 
 Typical growth methods of forming semiconductor nanowire structures include 
VLS (vapor-liquid -solid) [12, 55-59] and VSS (vapor-solid-solid) [60-62] methods by 
utilizing metal catalyst particles. To have the growth of nanowire initiated, precursor 
vapor needs to be provided around metal catalyst particles. The metal particles in 
solid/liquid phase will absorb the precursor in vapor phase. When the concentration of 
precursor in the metal particles reaches supersaturation level, the growth of solid 
nanowires will be started from the direction with the lowest free energy. In our lab, a 
home-built physical vapor deposition system was used to grow III-V nanowire 
structures, such as InAs nanowires,[12, 63] GaSb nanowires,[12, 64] InSb 
nanowires,[65] and InAs/GaSb core/shell nanowire heterostructures.[12] Similar 
physical vapor deposition methods have been proven to be able to create a variety of 
1-D nanostructures in laboratories.[66-71]  (APPENDIX A)      
1.4 Formation of Semiconductor Nanowire by Top Down Etching Methods 
Traditional wisdom forming the III-V semiconductor nanowires by top-down 
etching approaches includes dry etching by reactive ions (RIE method)[72-75] and 
metal-assisted chemical wet etching (MacEtch method) of a patterned III-V 
semiconductor substrate. [76, 77]Although III-V semiconductor nanowires formed by 
metal-assisted chemical wet etching methods are demonstrated to have smooth 
sidewalls and good crystalline qualities, it is still challenging to form high aspect ratio 
III-V nanowires by these approaches.[76] In other hand, III-V nanowires fabricated by 
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dry etching approaches by reactive ions are usually reported to have higher aspect 
ratio but rougher sidewall surface than the nanowires formed by wet etching method. 
In my PHD study, I developed a novel dry etching method for the fabrication of III-V 
nanowires to overcome the limitations of traditional etching methods.     
1.4.1 Dry Etching Method by  Reactive Ions 
Dry etching of patterned III-V semiconductor substrates by reactive ions has been 
widely used to fabricate III-V semiconductor nanostructures in past decades.  Figure 
1.2 shows a typical structure of a dry etching system. Initially, a patterned III-V 
semiconductor substrate was placed in the etching chamber. Halide gases, such as 
BCl3 and Cl2, are commonly used as the etchant for III-V semiconductor.[72, 73, 75, 
78] To avoid unwanted undercut etching of the nanostructures, O2 is usually 
introduced into the etching chamber along with halide etching gas to form the 
passivation layer on the sidewall of the nanostructures during the etching process. The 
fabrication of nanowires commonly required three main steps, including the 
generation of reactive plasma, directional acceleration of reactive ions, etching 




This top-down etching method has been proven to be a successful approaches and 
widely used in the formation of various 1-D nanowire structure composed of a variety 
of semiconductor materials, such as GaSb,[33, 79] GaAs,[73] GaN,[73] and ZnO.[80] 
1.4.2 Formation of the Etching Mask 
Choosing of etching mask is also critical to the formation of nanowires by top-down 
etching approaches. The diameter and aspect ratio of the nanowires will be decided by 
the size of the etching mask and the selectivity between etching mask and substrates 
against the etchants, respectively. For the etching of semiconductor nanowires, the 
commonly used mask materials included silicon oxide, photoresist, and metal. The 
conventional way to form the pattern of etching mask included optical lithography and 
electron beam lithography. To form an etching mask with very small pattern sizes, 
electron beam lithography was usually chosen due to its capability to define small 
features because of its higher energy writing beams comparing with conventional 
optical lithography. However, electron beam lithography is usually very expensive and 
time-consuming. Therefore, it is usually not practical to utilize electron beam 
lithography to form large area etching mask for the fabrication of nanowires. Another 
way to define the etching mask is employing the self-formed etching mask. Typical 
ways to generate self-formed etching masks in reactive ion etching include: (1) growth 
of etching masks by the product of chemical reaction in the plasma utilizing metal 
clusters as nucleation nuclei on sample substrates,[81] (2) formation of etching masks 
by the product of chemical reaction in the plasma on sample substrates,[82] and (3) 
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formation of etching masks by chemical reaction between etching plasma and sample 
substrates. [83]Position and size control of self- formed etching mask can be achieved 
by the first method through controlling the position of metal clusters and nucleation 
process of the mask respectively.  By employing the second and third methods, the 
size and density of etching masks can be controlled by adjusting etching conditions. 
However, it usually leads to random distributed etching masks by these ways.     
1.5 Organization and Outline  
  Chapter 1 presented a brief review of motivation, application, growth and fabrication 
methods of semiconductor nanowire devices. 
  Chapter 2 presented a novel top-down etching method for fabrication of III-V 
semiconductor nanowire arrays without employing lithographically defined masks and 
photonic properties of those nanowire arrays. Specifically, experimental 
characterization along with the theoretical simulation was performed to investigate the 
light trapping phenomena in the semiconductor nanowire arrays.     
  Chapter 3 presented a study of the photonic properties of single nanowire 
heterostructure with a focus on the semiconductor-core contact electrode shell 
nanowire structure employing Mie scattering theory. An evaluation was also 
performed on the capabilities of metal and conductive oxide contact electrodes to 
transmit photons and conduct electrons. Besides, we found the band gap of 
semiconductor core can be important parameters influencing the solar energy 
absorption by semiconductor nanowire devices. Therefore, those findings could be a 
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guideline for the application of solar cell devices employing solar radiation in different 
wavelength regime. 
  Chapter 4 summarized the dissertation and discussed the outlook of the following 
topics: designing of super-absorber, light concentration by semiconductor-core metal-




















CHAPTER 2 FABRICATION OF ULTRA-THIN IIIV SEMICONDUCTOR 
NANOWIRE ARRAYS 
 
A large portion of the work presented in this chapter was published in Nano 
Letters[83]. Reprinted with permission from[83]. Copyright © 2015 American 
Chemical Society. 
2.1 Motivation     
 
Semiconductor nanowires have been demonstrated to be advantageous in the 
application of optical and optoelectronic devices due to their unique way to interact 
with light. Specifically, those advantages can be even leveraged up by employing 
nanowire array structures.  For semiconductor nanowire arrays, the diameter and 
orientation dependent coupling properties of light interaction with nanowire arrays 
offer great opportunities for realizing high efficiency photovoltaics,[20, 21, 34, 50] 
and negative refractive index metamaterials.[84] Many semiconductors have been 
considered for nanowire structures. GaSb is a promising candidate for electronics and 
near infrared optoelectronics because of its high electron mobility and intermediate 
band gap.[85] GaSb also demonstrates excellent optical absorption over a broad range 
of light among many semiconductor materials,[86] opening  up a potential opportunity 
for GaSb nanowire based solar energy application.  Due to these reasons, I choose 
GaSb to demonstrate a new top-down etching method I developed in my PHD study.  
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2.2 Review of the formation of GaSb nanowires by top-down etching and bottom-up 
growth approaches   
 
Fabrication of GaSb nanowires through bottom up approaches and top down 
approached has been demonstrated. Specifically, GaSb nanowire synthesis with 
diameters down to 25 nm through the bottom up approaches was found to be 
challenging. Smallest diameter of vertical GaSb nanowire arrays grown on InAs stems 
using metal organic vapor depositions (MOCVD) was reported to be 32 nm.[87] 
According to the Gibbs-Thomson model, it is possible to reduce the critical GaSb 
nanowire diameter by increasing Sb vapor pressure in a vapor liquid solid (VLS) 
mechanism based growth process. However, this will result in increasing radial growth 
rate of GaSb nanowires and limit the smallest achievable nanowire diameter. [87, 88] 
Recently, sulfur surfactant-assisted growth as an additional measure has been taken to 
achieve GaSb nanowires with diameters down to 20 nm. [88] Meanwhile, GaSb 
nanopillars could be fabricated through top-down etching approaches with or without 
lithography-defined masks. E-beam lithography with resist[89] and gold[79] masks 
offers  the high spatial resolution to achieve diameters less than 20 nm and precise 
position control,[79] but such e-beam lithography methods required sophisticated 
instruments and multi-step and longtime processing, which are challenging for large 
scale production.  Additionally,  nanosphere lithography by silica masks has been 
shown to be more cost effective  yet enable  GaSb nanopillars with a limited aspect 
ratio  of approximately 4 and a diameter of few hundred nanometers,[33] due to the 
resistance of silica nanospheres against etchants and the spatial resolution of the 
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technique, respectively.  A more relevant work to this study was GaSb cone array 
fabrication using Ar ion sputtering of GaSb substrates without masks.  The maximum 
height of nanopillars prepared was reported to be less than 200 nm,[90] which could 
be insufficient for applications.  
By adjusting plasma chemistry and etching conditions during the etching process, 
nanoscale self-mask can be formed on top of substrates, facilitating the formation of 
nanopillars. Such nanoscale self-mask effect has been previously reported for 
fabrication of Si nanopillars on Si substrates,  in which SF6/O2 plasma was utilized to 
form the self-mask on Si substrates, [91] and for InP[82] and GaP[92], where 
CH4/H2/O2 and SiH4/CH4 plasma was utilized to form indium organometallic and 
silicon carbide masks on top of substrates, respectively.  
In this work, we demonstrate for the first time a self-masked fabrication method for 
GaSb nanowires and showed such method could be general for other Ga-V 
semiconductors. We establish a different etching chemistry from previously reported 
Si, InP and GaP self-masked nanowire systems[82, 91, 92]. Specifically, by tuning the 
etching chemistry and other etching conditions to control the self-mask effect, we 
demonstrated large-area, high-aspect ratio, and vertical GaSb nanopillar arrays with 
adjustable diameters, heights and density. We present a self-masked mechanism based 
on the formation of oxides and obtain the direct evidence supporting the proposed 
mechanism through energy dispersive X-ray elemental analysis. Significantly, our 
work clearly shows that the self-masked fabrication method is capable of producing 
GaSb nanowires with diameters less than 25 nm, overcoming the thermodynamics 
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limitation faced by VLS bottom up approaches, and a maximum aspect ratio of 24, 
more advantageous than previously reported top down approaches. 
 
2.3 Fabrication and characterization of GaSb nanowires  
GaSb nanopillars were fabricated on undoped GaSb (111) B substrates (MTI 
Corporation). Before etching, GaSb wafer samples with sizes of approximately 0.6 cm 
× 0.6 cm were cleaned by rinsing in acetone followed by isopropyl alcohol solutions 
for 5 mins and blown dry. Then the native oxide of GaSb samples was removed by 
etching with 10% hydrogen chloride solution for 30 sec. Wafer samples prepared were 
then placed in the etching chamber (Panasonic 620 Etcher) and the pressure in the 
chamber was pumped down to 0.01 Pa initially. Then 55 sccm BCl3 along with 5 sccm 
O2 was introduced into the chamber and maintained during the etching process. 
Samples were kept at a constant temperature of 10oC and at a total processing pressure 
of 0.3 Pa unless stated otherwise. The coil power and bias power were both operated at 
13.56 MHz and set to 75 W and 100 W respectively. Etching time was typically 5 min 
unless stated otherwise. Transmission Electron Microscopy (TEM) samples were 
prepared by sonicating as prepared GaSb nanopillars from the substrate in ethanol and 
then dispersing onto a carbon coated Cu grid.    
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diameters obtained for GaSb nanowires/nanopillars.[79, 88, 93] The aspect ratio of 
these nanopillars was estimated to be approximately 24, which is larger than the 
previously reported top-down etched GaSb nanopillars with silica,[33] Au[79] and 
resist[89] masks. The high resolution TEM (HRTEM) image and the corresponding 
fast Fourier transform (FFT) of a representative nanopillar show that the nanopillar 
has a diameter of 18.2 nm and a Zinc Blende crystalline structure (Figure 2.1e). 
Additionally, the nanowire axis was found to be along <111> direction, which is 
consistent with the crystalline orientation of the substrate. Energy-Dispersive X-ray 
(EDX) measurements performed on these nanopillars show the atomic percentage of 
Ga and Sb are 44 47% and 53 56%, respectively. Our results clearly show that the 
mask-free reactive ion etching of GaSb substrates with BCl3/O2 plasma is a new 
fabrication method to prepare high aspect ratio, high density, potentially wafer-scale 









the lateral etching of GaSb on the sidewall of GaSb nanostructure is mainly attributed 
to the non-directional chemical etching by Cl radicals.  
In this work, by combining with O2 plasma, RIE of GaSb substrates using BCl3 
resulted in a self-masked fabrication of GaSb nanopillars. We hypothesize that in 
addition to etching of GaSb, there are two other critical processes, including formation 
of oxide by O2 plasma and removal of oxide through ion sputter etching and BCl3 
chemical etching, occurring simultaneously in the etching chamber. It is the collective 
effect of all processes leading to the formation of the vertical GaSb nanopillars. 
Particularly, the partially formed oxide on the surface of GaSb serves as a mask, and 
the unprotected GaSb substrate will be etched away (Figure 2.2a), resulted in surface 
nanostructuring.  Oxide masks formed and remained on top of GaSb nanopillars will 
eventually be removed through directional sputter etching by kinetic ions and 
directional and non-directional chemical etching by radicals or ions,[94, 95]which 
limits the height of nanopillars. Notably, oxide on the sidewall of GaSb nanopillars is 
also expected to form and to be removed by non-directional chemical etching by 
radicals.  
Based on the discussion above, we hypothesize that it is possible to vary the 
nanopillar dimensions by tuning the reactive agent. Cl2 is an alternative reactive agent 
for RIE etching of GaSb additional to BCl3. Compared to Cl2 plasma, BCl3 plasma 
scavenges oxide more efficiently through participating in the reduction process of 
oxygen and forming highly volatile boron-oxygen-chlorine compound,[95] such as 
BOCl, (BOCl)3, BO2,[94] which leads to stronger etching of oxide from the top of 
nanopillars, resulting in smaller oxide masks and a faster consumption of  oxide masks, 
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therefore thinner and shorter nanowires. When switching from BCl3/O2 plasma to 
Cl2/O2 plasma, we expected stronger vertical etching of unprotected GaSb and weaker 
etching of the oxide self-masks, resulting in longer and thicker nanopillars.  
Additionally, if using the Cl2 /O2 plasma, less efficient removal of the sidewall oxide 
will also result in a smaller lateral etching rate and therefore thicker nanopillars are 
expected. In other words, the height and the diameter of the nanowire is expected to be 
indirectly controlled by selecting the chemical agent, in our case, BCl3 vs. Cl2 with 
desirable reactivity with, particularly, oxides. The other difference between BCl3/O2 
and Cl2/O2  etching chemistry is that the chemical etching rate by radicals for GaSb 
using Cl2 plasma was found to be higher than that using BCl3 plasma[78, 96] due to the 
fact that Cl2 produces more Cl radicals than BCl3 in the plasma state.[97] Therefore 
the isotropic chemical etching by Cl radicals is a more dominating process in Cl2 
etching process while isotropic chemical etching and directional ion etching 
synergistically occur in BCl3 etching process. Such difference was found to result in 
different etch profiles in bulk[74], which, for nanowires, could correspond to tapered 




larger diameter and the tapered geometry observed are both consistent with the 
expectation discussed above. Third, an oxide outer layer was observed on the 
nanopillar in the low resolution TEM image (Figure 2.3c), evident for the low 
chemical reactivity of the Cl radicals with the sidewall oxide layer of GaSb 
nanopillars.[75] Collectively, these results confirm the different dimension and 
morphology expected for BCl3/O2 and Cl2/O2 etching processes, as discussed above, 
therefore supporting the proposed mechanism. The results also suggest the height and 
diameter of nanopillars can be varied by choosing the desired plasma chemistry during 






Figure 2.4. (a) Dark-field TEM image and (b) the corresponding EDX elemental 
mapping of a Cl2 /O2 etched GaSb nanopillar. (c) is the superposition of all three EDX 
elemental mapping showing in (b). The scale bar is 200 nm.  
 
In addition, Dark-field TEM and EDX measurements were carried out on a Tecnai 
T20 TEM operating at 200 keV to determine the spatial distribution of elements Ga, 
Sb and O in a Cl2/O2 etched nanopillar (Figure 2.4). The result indicated oxygen rich 
coating in the outer layer of the nanopillar, which is consistent with TEM imaging 
shown in Figure 2.3c, while the Ga and Sb were distributed homogeneously in the 
nanopillar body. Significantly, the signal of O is highest on the tip of the nanopillar, 











In addition to the bias power, we have also performed fabrication of nanopillars 
when varying the pressure in the RIE processes. The testing pressure was chosen 
within the range that nanopillar arrays can be produced. Figure 6 shows SEM images 
of GaSb nanopillar arrays prepared with etching pressure of 0.2 Pa, 0.3 Pa and 0.4 Pa, 
respectively. All bias powers are 100 W and all other etching conditions are the same 
as discussed in the method. Measurements were taken from 11, 28 and 16 nanopillars 
from the samples shown, respectively.  
As the etching pressure increases, the mean free path of reactive ions in the plasma 
state is expected to decrease, thus the sputter etching will be reduced.[78] [74] 
Specifically, in figure 2.6a and b, heights of nanopillars were found to increase from 
264 ± 23 nm to 1206 ± 110 nm. The result of longer nanopillars can be attributed to 
the decreasing oxide removal rate on top of nanopillars resulting from the reduced 
sputter etching. For the nanopillar arrays etched with etching pressure equal to 0.4 Pa 
(Figure 2.6c), the height of nanopillars is estimated to be 600 ± 90 nm which is less 
than that observed in figure 6b. We hypothesize that when increasing the pressure to 
0.4 Pa, the sputter etching could be insufficient for effective removal of etching 
byproduct remaining on the surface of GaSb, such as GaCl3 and SbCl3. Thus the GaSb 
substrate would be further protected by these byproducts and observed heights of 
nanopillars were shorter at 0.4 Pa. Such protection effect acting on the side wall might 
result in a less lateral etching and thicker diameters, indicating by the observation that 
the average diameter was 211±20 nm at 0.4 Pa while the average diameters of GaSb 
nanopillars etched with 0.2 Pa and 0.3 Pa are 143±17 nm and 141± 22 nm.  
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2.8 Raman spectroscopy of GaSb nanopillars fabricated by mask-free top-down 
etching methods  
 
 
Figure 2.7. Raman spectroscopy measurements of a GaSb substrate and BCl3/O2 
etched GaSb nanopillar arrays. 
 
To evaluate whether the optical properties of GaSb nanopillar arrays formed by the 
self-mask method are affected by a such etching process, we demonstrate Raman 
scattering experiments on BCl3/O2 etched GaSb nanopillar arrays fabricated with the 
same conditions with the sample in Figure 2.1 at room temperature using 765 nm 
wavelength laser as the excitation source.  Figure 2.7 shows the Raman spectrum of 
the GaSb nanopillar array and GaSb substrate with both curves normalized with the 
strongest peaks between 210 cm-1 to 250 cm-1. For GaSb substrates, two peaks were 
observed at 230 cm-1 and 237 cm-1 in Raman spectrum, which can be attributed to 
transverse optical (TO) phonons and longitudinal optical (LO) phonons. [98, 99]  For 
GaSb nanopillar arrays, similar two peaks were observed at 231 cm-1 and 236 cm-1 in 


















Raman spectrum, indicating high photonics quality of the nanopillar arrays formed by 
our self-masked etching method. For zinc blende-structured GaAs nanowires with 
diameter 20 nm, the LO Raman Peak was estimated to be broadened by about 1 cm-1 
to the low energy side of the spectrum according to the RCF model based on the 
estimation from the isotropic form of phonon dispersion relation determined from the 
neutron scattering data.[100-102] For the case of GaSb, the optical phonon dispersion 
is similar to that of GaAs [103, 104] and hence the estimated broadening due to 
phonon confinement based on the RCF model is expected to be about the same.  
Therefore, we expect that for a GaSb array sample with average diameter 23 nm, the 
down shift of LO phonon peak is on the order of 1 cm-1, which is beyond the 
resolution of our spectrometer.    
 2.9 Theoretical and experimental investigation of optical reflection of GaSb 
nanopillar arrays  
 
Preventing the light energy lost due to reflection is a successful strategy to improve 
efficiency of solar energy harvesting. By nanostructuring the surface, a broadband 
reduction of optical reflection can be achieved, leading to substantially improved 
absorption. For example, black silicon, a Si material with surface texturized with 
silicon nanowire or nanocone arrays, shows great reduction of reflection.[18] Similar 
phenomena has been also observed in GaSb nanonipple arrays.[33] 
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Table 2.1  GaSb nanopillar arrays studied experimentally and theoretically.  The inter-
wire distance is defined as the center-center spacing, and its value was estimated from 















S1 42 74 547 9.8×108 343 
S2 26 62 514 1.2×1010 98 
S3 54 121 947 1.9×109 247 
 
Our mask-free RIE etching offers an opportunity to study the reflection of 
nanostructured GaSb surface, in which the dimensions and density of nanopillars are 
controlled. Specifically, three GaSb nanopillar array samples were fabricated using a 4 
min BCl3/O2 plasma etch (S1), a 6 min BCl3/ O2 plasma etch (S2) and a 5 min Cl2 /O2 
plasma etch (S3), respectively. To achieve similar nanopillar diameters, below 100 nm, 
for all three samples, we performed a wet chemistry (NH4)2S etch after RIE etching 
for the sample S3, which shrank the diameter of the sample S3 to be comparable to S1 
while maintained the height close to that as fabricated. 10% ammonium sulfide in 
water solution was used and the etching rate of GaSb by this solution was about 3 nm 
per min. After 10 min etching by 10% ammonium sulfide solutions, the sample was 
rinsed with water and blown dry. The (NH4)2S etch of GaSb was reported to have no 
impact on electronic and optical properties of the material [105]  and we also 
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confirmed surface roughness of  nanopillars is the same before and after wet etching 
(See Supplemental Information Figure B.2). The measured heights, diameters, and 
estimated number density of nanopillars are presented Table 1. The average diameters 
of GaSb nanopillars in sample S1, S2, and S3 are 57±12 nm, 44±13 nm, and 80±16 
nm, respectively.  
 
Figure 2.8. (a) Optical reflectance measured from a (111) GaSb wafer (Black) and 
three GaSb nanopillar arrays fabricated S1 (green), S2 (blue) and S3 (red). (b) 
Simulated optical reflectance for GaSb nanopillar arrays S1 (green dash), S2 (blue 












using a UV-Vis-NIR spectrometer system (Perkin-Elmer Lambda-950) at normal 
incidence and plotted in Figure 2.8a. Compared to the GaSb wafer (Figure 2.8a, black), 
all GaSb nanopillar samples exhibit a significant reduction in the optical reflectance. 
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The nanopillar heights of S1 (Figure 2.8a, green) and S2 (Figure 2.8a, blue) are 
comparable yet the density of S2 is about an order of magnitude higher than that in S1.  
This higher density leads to a reduced reflectance from approximately 25% to 1% 
between 250 nm and 750 nm. Compared to S2, the larger nanopillar height in S3, 947 
nm, leads to the strongest coupling among three samples with the photons in the near 
infrared regime and shows a noticeable reduction of reflectance from 10% down to 5% 
between 900 nm to 1700 nm.  
In order to understand the measured reflectance of GaSb nanopillar arrays, we also 
implemented Rigorous Coupled-Wave Analysis (RCWA) to model the reflectance of 
GaSb nanopillar arrays with parameters corresponding to experimental values. RCWA 
is a semi-analytic simulation method to solve light scattering problems in periodic 
structures.[106-108] In RCWA, the periodic dielectric structures and electromagnetic 
field are represented as a sum of spatial harmonics in Fourier space. By dividing the 
dielectric structures into each uniform film along the light propagating axis and 
solving the corresponding boundary conditions, the optical reflection and transmission 
properties of this structure can be understood. Notably, the experimental samples are 
completely disordered, while RCWA simulations were based on assumption of 
ordered hexagonal arrays of which the densities were estimated from samples.   
Simulations were carried out from wavelength ranging from 250 nm to 990 nm, over 
which dielectric constant data for GaSb is available through NanoHub[109, 110] and 
used here. In general, the RCWA simulations of ordered nanowire arrays agree with 
the overall trends and confirmed the large reduction observed in the measured 
reflectance. 
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We have noticed the following features when comparing the simulated results to 
experimental data. The simulated optical reflectance for S1 (Figure 2.8b, green dash) 
is found to be significantly lower than the measured result for wavelengths below 625 
nm. This could be attributed to that ordering in nanowire arrays enhances the 
absorption for wavelengths comparable to the inter-wire distance. Considering the 
inter-wire distance of 343 nm for S1, at the comparable wavelength range, stronger 
light coupling and therefore smaller reflectance will be expected for the simulated 
ordered array as compared to experimental results.  For S2, the inter-wire distance is 
98 nm. Therefore, for visible wavelengths the absorption is not that sensitive to order 
of the nanopillar arrangement and simulated results obtained are fairly consistent. 
However, for wavelengths substantially larger than the diameters of nanopillars, where 
nanopillars can be roughly viewed as point scatters, disordering increases scattering 
and therefore consequentially absorption.[32] This can explain the observation that 
simulated reflectance for S2 and S3 were found to be significantly larger than 
measured results for long wavelengths. Collectively, these experimental and 
simulation results demonstrate that the desired broadband antireflection can be 






  2.10 Summary  
 
   In conclusion, we have demonstrated that GaSb nanopillar arrays can be fabricated 
by O2 assisted BCl3 or Cl2 plasma RIE of substrates through a self-mask effect. By 
introducing O2 during the etching process, nanoscale oxide self-mask could form 
thereby facilitating the formation of GaSb nanopillars. Significantly, we have applied 
similar O2 assisted Cl2 plasma RIE to GaAs and successfully obtained GaAs vertical 
nanopillar arrays (Figure B.1), indicating the self-mask approach could be general for 
Ga-V semiconductors[75]  due to similar resistivity of Ga oxide against chlorine 
plasma formed during the etching process. Choosing the desired plasma chemistry and 
tuning etching conditions, such as the bias power and etching pressure, can directly 
adjust the key processes, including chemical and sputtering etching of GaSb and/or 
oxide, and therefore adjust the density and dimension of nanowires. We have achieved 
nanopillars with diameters ranging from 23 to 300 nm and heights ranging and from 
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fabrication provides an excellent platform to experimentally study the light trapping 
and optical coupling properties in GaSb nanostructures for potential phototovoltaic, 








CHAPTER 3 PHOTONICS PROPERTIES OF SEMICONDUCTOR CORE  
CONTACT ELECTRODE -SHELL NANOWIRE SOLAR CELL DEVICES 
3.1 Review of the Literature of Contact Electrodes for Semiconductor Nanowire 
Photovoltaic Devices    
In the past decade, extensive studies have been reported on solar energy harvesting 
by semiconductor solar nanowire devices.[6, 111, 112] Among all photovoltaic 
applications, semiconductor nanowire devices have drawn tremendous attention due to 
their 1D unique optical coupling properties and increase of reactive surface area with 
light compared to traditional 2D thin film devices. In the real application, it is 
generally required to have contact electrodes deposited on top of semiconductor 
materials. These contact electrodes could seriously affect the solar energy conversion 
efficiency of photovoltaics devices. To maximize the optical energy absorbed by 
semiconductor materials and minimize the loss of electric energy during the 
transmission of electric current generated from the semiconductor materials, the 
contact electrodes need to transmit light and conduct electric current simultaneously. 
To transmit electric energy efficiently, the sheet resistance of electric contact 
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 loss during the 
electron transportation.[113, 114]    Conductive metal oxides, such as indium tin 
oxide(ITO), aluminum zinc oxide(AZO), and indium gallium zinc oxide (IGZO) are 
widely used as contact electrode materials in thin-film and nanowire solar cell devices 
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Typical designs for semiconductor nanowire photovoltaics devices are radial and 
axial p-n junction nanowire devices (figure 3.1). The main difference between these 
two kinds of devices is the way of carrier collections. For axial p-n junction nanowire 
devices (figure 3.1b), the carrier collection occurs axially along the built-in electric 
field of the axial p n junction, while the carrier collection occurs radially for radial p-n 
junction nanowire devices (figure 3.1a). For both designs, contact electrodes play a 
critical role affecting the absorption of solar energy by semiconductor and 
transmission of electric energy converted by the semiconductor p-n junction from 
incident light. To maximize the absorbing solar energy and minimize the electric 
energy exhaustion, the contact layers are requiring to be highly optical transparent and 
electric conductive. Although extensive studies have been reported on how to transmit 
light and conduct current simultaneously by using contact electrodes with various 
sizes and dimensions, such as metal nanowire,[117, 120] metal grid,[117] metal thin 
film,[121-124] carbon nanotube, and graphene,[114, 117, 118, 125] there are few 
studies discussing how the contact electrodes effect the photovoltaics devices with 
different dimensions. [52] In this paper, we study the optical performance of 
photovoltaic devices with different dimensions and band gaps with a focus on the 
optical absorption. Furthermore, to test the effectiveness of the traditional strategy to 
form a transparent contact electrode by utilizing conductive metal oxide material, such 
as ITO, on 1D nanowire structures, we simulate the optical absorption of 1D nanowire 
and 2D thin film semiconductor devices coated with ITO and metal contact layers 
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To solve the Maxwell equations for this case, we made three assumptions: (1) 
nanowire is made of homogeneous materials, (2) the length of the nanowire is much 
larger than the radius of the nanowire, (3) the nanowire has cylindrical shape. 
Therefore, we can use the Mie scattering theory to solve for the fields distribution in 
this core-shell nanowire.[23, 126, 127] For both   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 can be expressed as:    
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where , is the solution of scalar wave equation: 
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By appying boudary conditions in tangential direction  (
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                                            (2.6) 
The total scattering efficiency and extinction of unpolarized light can also be 
calculated by averaging the total efficiencies from case I and case II. 
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The absorption efficiency (
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 for each layer () in a core shell nanowire for case I and 
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 The integrated solar absorption by each layer (.
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of certain semiconductor material, the 
integration range is usually chosen to be from 300 nm to the bandgap of the 
semiconductor material. Below 300 nm, the intensity of solar radiation is negligible. 
Semiconductor material will also have very small absorption for photons with energy 
below the bandgap.     
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3.3 Optical Absorption of Semiconductor Nanowires and Thin Films Under Solar 
Radiation                 
 
Figure 3.4.  Simulated integrated solar absorption of GaSb, Si, InSb, and InP 
nanowires and thin films as functions of semiconductor feature size d, assuming 
devices are illuminated by AM1.5G solar radiation.  
 
  To realize the optical performance of 1D and 2D photovoltaic devices under solar 
radiation illumination, our study starts with the theoretically investigation of the 
integrated solar energy absorption of nanowires and thin films composed of typical 
materials for solar energy harvesting in different wavelength regime, such as GaSb, Si, 
InP, and GaP, as a function of semiconductor feature size (figure 3.2). The integrated 
solar energy absorption of nanowires and thin films were evaluated by transfer matrix 
method[128, 129] and Mie scattering theory[23], respectively. The peaks of absorption 
of solar energy by semiconductor nanowires have been theoretically shown to be 
much higher than thin film due to the stronger Mie resonance in nanowires than Fabry 
Perot resonance in thin films,[50, 116, 119] as shown in Figure 3.4.  GaSb is a 
representative material used in harvesting solar energy in infrared regime via the 
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application of thermophotovoltaics[39-41] attributing to its wide absorption range of 
light resulting from its small bandgap (0.73 eV), making it capable of utilizing solar 
energy in the infrared regime. Although semiconductor material with smaller bandgap, 
such as InSb and InAs, can have even wider absorption range than GaSb, the 
photovoltage of them will be too small, resulting in very small solar energy conversion 
efficiency.[35]  Although optical absorptions of Si and InP are significantly smaller 
than GaSb attributing to their larger bandgaps comparing to that of GaSb, the solar cell 
efficiency of single p-n junction solar cell made of Si or InP are demonstrated to be 
significantly higher than that of GaSb resulting from their wider bandgaps than GaSb 
by Shockley Queisser theory,[35] making them ideal candidates for single p-n 
junction solar cell devices.  The optical absorption of GaP nanowire and thin film is 
the lowest among these materials due to its narrowest range of absorption of light 
attributing to its largest bandgap (2.26 eV). However, this large band gap material can 
provide sufficient photovoltage to drive water splitting reaction,[43, 44] making it an 
ideal candidate for the application of solar fuel cell devices via the production of 
hydrogen by water splitting.[45]  
3.4 Electric Properties of Commonly Used Contact Electrodes     
To preserve the solar energy absorbed by semiconductor material, it is necessary to 
reduce the energy exhaustion during the transmission process. The exhaustion of 
electric energy generated by semiconductor devices during the transmission process 
can be attributed to the resistance of contact material and the contact resistance of 
contact electrode-semiconductor junction. In this study, we compare the sheet 
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resistance of ITO, Ag, and Cu. The resistivity of ITO can have considerably changes 
by varied the doping concentration of Sn. For ITO with doping concentration of Sn 
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reaches 10 nm, larger than the sheet resistance expected from the resistivity of Ag/Cu, 
which is attributing to the increasing boundary scattering of electrons as the thickness 
of Ag/Cu decreases.[123, 124]  
3.5 Optical Absorption of Semiconductor$Core Contact Electrode-Shell Nanowire 
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3.6 Optical Absorption of Semiconductor-Core Contact Electrode Nanowires with 
Fixed Contact Electrode Sheet Resistance    
To understand how the contact electrode affects the optical absorption of Si cores in 
different wavelength regime comparing to solar spectrum, we simulated the absorption 
efficiency of Si cores with 20 nm and 280 nm core-diameter nanowires coated with 
Ag, Cu, and ITO contact shells with sheet resistance fixed at 10   as a function of 
wavelength. Besides, we also calculated the optical absorption of Si NW coated with 
50 nm ITO layer as a function of wavelength, which can give us an idea what is the 
best solar energy absorption achieved by Si core by optimizing the thickness of ITO 
shell to enhance the Mie resonance in the Si core. For 20 nm diameter Si nanowires, 
the core absorption maximum is at 350 nm, which is close to the peak of solar 
spectrum, as shown in figure 3.4a and 3.4b. This peak will decrease to about 50% or 
30 % of its original value once the Ag or Cu contact shell is depositing on the Si core 
respectively. For 20 nm core-diameter Si NW coated with ITO shell, the diameter of 
Si core is too small to enable the Mie resonance in the Si core, [52] thus the optical 
absorption of Si core will decrease drastically with the increase of the thickness of 
ITO shell (figure 3.4b). Comparing to 20 nm diameter Si nanowires, the absorption 
peaks of 280 nm diameter Si nanowires will have a significantly red shift to 430, 470 
and 650 nm, which are attributed to the optical coupling with longer wavelength light 
due to larger diameter than 20 nm nanowires (figure 3.4c). By utilizing Ag or Cu shell, 
the core-absorption of 280 nm diameter Si-core coated with Au or Cu contact-shell 
will decrease to about 80 % or 65 % respectively in the overall wavelength regime. 
Unlike thin Si cores (20 nm diameter) coated with 50 nm ITO shell, the volume of 
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thick Si core (280 nm) is large enough to preserve the Mie resonance, thus the optical 
absorption of Si core can gain a multiplication of enhancement contributed by the 1D 
optical resonance in the Si NW and enhanced Mie resonance by the ITO shell. 
Furthermore, the absorption peak of Si cores is around 400 nm, which is consistent 
with the quarter wavelength antireflection by 50 nm ITO shell. These observations are 
also consistent with the overall trend of the simulated integrated solar absorption in 




Figure 3.6. (a) AM 1.5 G solar spectrum and (b, c) simulated core absorption 
efficiency in Si/ITO, Si/Ag, and Si/Cu nanowire core/shell structures. Thickness of 
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3.7 Optical Absorption of Semiconductor-Core Contact Electrode Nanowires with 
Various Semiconductor Band Gaps    
In order to evaluate the effectiveness of the conclusion from our simulation on Si 
nanowire on other semiconductor materials with different band gaps, we calculated the 
absorption of semiconductor of the semiconductor-core contact electrode-shell 
nanowire structures with a focus on the semiconductor-core diameter. Figure 3.5 plots 
the integrated solar absorption ratio of GaP, Si, and GaSb NW with contact layers to 
bare GaP, Si, and GaSb as a function of semiconductor core diameter. The thicknesses 
of Ag, Cu, and ITO contact layers were chosen to be 10 nm,10 nm, and 394 nm 
 	
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Additionally, we also calculated the integrated solar absorption of semiconductor core 
with ITO shell equal to 50 nm, where the ITO layer has the strongest antireflection 
effect to enhance the optical absorption of semiconductor core. For Ag and Cu 
contacts, the imaginary part of dielectric constants increases with the increasing of 
wavelength, implying the higher absorption of light in long wavelength regime than 
short wavelength regime. Moreover, the imaginary part of dielectric constant of Cu is 
significantly higher than Ag in short wavelength regime (300 nm to 600 nm) but lower 
than Ag long wavelength regime (above 1450 nm), suggesting the higher optical 
absorption by Cu in short wavelength regime but lower optical absorption in long 
wavelength regime than Ag.  If the semiconductor core materials can only absorb light 
in short wavelength regime, such as GaP (< 560 nm), the 10 nm thick Ag contact layer 
demonstrates better capability to preserve the solar energy absorbed by semiconductor 
core than 10 nm thick Cu layer and 394 nm thick ITO layer, even comparable to the 
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50 nm thick ITO layer (figure 3.5 a). If the absorption range of light extends to long 
wavelength regime by using core materials with larger band gaps than GaP, such as Si 
and GaSb, more solar energy will be absorbed by Ag or Cu contact layer, thus Ag or 
Cu will exhibit worse performance to preserve the solar energy absorption by 
semiconductor core than 50 nm thick ITO layer (figure 3.5 b and figure 3.5c). For 
semiconductor nanowires coated with 394 nm thick ITO contact layer, the optical 
absorption of semiconductor core has been seriously suppressed due to the destruction 
of leak mode resonance inside semiconductor core,[52] resulting in lower optical 
absorption by semiconductor core materials than those coated with 10 nm thick Ag, 10 
nm thick Cu, and 50 nm thick ITO. For large band gap material with optical 
absorption capability limited in short wavelength regime, such as GaP, the Ag contact 
electrode shows better capability to preserve solar energy absorbed by core materials 
than Cu contact electrode. However, this difference will decrease for the small band 
gap semiconductor material, such as GaSb, attributing to more solar energy absorbed 
by Ag contact electrode than Cu contact electrode with the increasing of the 
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m in the simplest case.[131] There are three ways for electric current passing through 
the Schottky barrier, including the tunneling through the Schottky barrier by electrons 
(field emission mechanism), the surpassing of the Schottky barrier by energetic 
electrons (thermionic emission mechanism), and the tunneling through the Schottky 
barrier by energetic electrons (thermionic-field emission mechanism).[132, 133] The 
contact resistance can be adjusted by tuning the current through the metal-
semiconductor interface by utilizing different metal contact material,[134, 135],  
doping[132-134] or change the chemical composition of semiconductor near the 
contact.[136] The formation of ohmic contact in the metal-semiconductor interface 
could be achieved by (1) vanishing the potential barrier in the metal-semiconductor 
interface, which could be attained by choosing the contact metal with work function 
smaller than the electron affinity in n-doped semiconductor (B < 0);[131, 133] (2) 
narrowing the width of Schottky barrier, thus electrons can easily tunnel through the 
Schottky barrier, which can be attained by heavily doping the semiconductor near the 
metal-semiconductor interface;[133-135, 137, 138] (3) diminishing the height of 
Schottky barrier, thus electrons can easily  surpass the Schottky barrier, resulting in 
higher thermionic current through the semiconductor -metal interface.[133, 136] This 
can be achieved by changing the chemical composition of semiconductor near the 
interface.[131] Traditional wisdom to reduce the contact resistance of metal-
semiconductor interface of silicon devices is forming the metal silicide compound in 
the metal-semiconductor interface to diminish the height of Schottky barrier (method 
3). For III-V material, such as GaP and GaSb, the contact resistance can be drastically 
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reduced by increasing the doping concentration near the contact regime. Taking GaSb 
as an example, a typical design of GaSb thermophotovoltaic devices usually used a 
heavily Zn doped (doping concentration larger than 1020 cm-3) GaSb layer as an 
emitter on top of the devices.[40, 41, 139]  Therefore the specific contact resistance of 
Ag and Cu on heavily doped GaSb could be below 10-8   2,[134, 140] 
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long GaSb nanowires. Although semiconductor nanowire devices with all-around 
metal contact tend to have larger depletion region than thin film devices, this problem 
can be solved by heavily doping the semiconductor near the metal-semiconductor 
interface, resulting a tremendously reduced contact resistance.[132] 
 
3.9 Summary 
In conclusion, we have demonstrated that metal is a promising material for the 
contact of nanowire solar cell devices. By utilizing thin metal film as contact 
electrodes on semiconductor nanowire devices, the solar energy can be effectively 
transmitted and the photocurrent can be conducted through the contact material with 
minimum loss comparing to traditional metal oxide contact electrode. Significantly, 
although traditional ITO contact layer could effectively enhance the optical absorption 
by semiconductor thin film by reducing the optical reflection by forming destructive 
interference between reflected light by semiconductor-ITO hetero-thin film 
nanostructure, this enhancement is less prominent, even vanishing in the 
semiconductor-core ITO-shell nanowire as the system approaching 1-D limit. 
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Furthermore, the resistivity of ITO is much larger than that of metal, thus requiring 
much thicker layer of ITO to have competent sheet resistance with metal, making it 
less attractive in the real application. Our results also demonstrated the performance of 
contact electrodes is strongly dependent on the band gaps of semiconductor materials 
underneath, which can be consider as a guideline for harvesting solar energy in 



















CHAPTER4 SUMMARY AND OUTLOOK 
4.1 Summary 
III-V semiconductor nanowire nanostructures have been proven to be great 
candidate for the applications of nanoelectronics, nanophotonics, and solar energy 
harvesting. Low band gap III-V nanowires, such as III-Sb nanowires, have been 
demonstrated to be a great platform to realize 1D quantum confinement and 
broadband light trapping phenomena. However, the fabrication of large scale ultra-thin 
III-Sb nanowires, such as GaSb nanowires, is still challenging. Here, fabrications of 
GaSb nanowire arrays utilizing nanoscale self-mask effect were developed using a 
RIE system. By adjusting the plasma chemistry, self-masks can be formed on the top 
of GaSb substrates facilitating the formation of nanowires. The dimension and size of 
the nanowires can be controlled by adjusting the physical and chemistry etching 
during the process, which can be controlled by tuning the etching parameters, such as 
pressure, bias power, and plasma chemistry. A mechanism was proposed to explain 
the formation of those nanowires without using lithography-defined etching masks 
based on the experimental observation of nanowires fabricated by this method in 
various conditions. HRTEM and TEM-line scan measurement were also performed to 
verify this mechanism. We also investigated the light trapping phenomena in these 
nanowire arrays theoretically and experimentally. Broad band light trapping was 
realized by utilizing those nanowire arrays. Besides, to evaluate the performance of 
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semiconductor nanowires in photovoltaic application, we also investigated the optical 
absorption of semiconductor nanowire with contact electrode shells, such as Ag, Cu, 
and ITO. We found metal contact electrodes, such as Ag and Cu, can be have better 
performance than traditional metal oxide contact electrodes, such as ITO, considering 
the requirement of electric conductivity for contact electrodes. The influence of 
contact electrode shells on the optical absorption of semiconductor nanowire core also 
varies with various bandgaps of semiconductor nanowire. Three representative 
semiconductor materials, GaSb, Si, and GaP, were examined to realize this effect. 
Metal contact electrodes, such as Ag, exhibited comparable capability to preserve 
solar energy in semiconductor cores. Those observations can be used as a guideline for 
the future photovoltaic device designs. 
Suggestions of future studies include the growth and fabrication of solar absorbers 
based on metal-core semiconductor-shell dielectric-outer shell heterostructures, light 
trapping by semiconductor-core metal contact electrode-shell nanowire arrays, and 
search of Majorana fermions in III-Sb 1D nanostructures.  Those topics will be 
discussed in the following sections.    
4.2 Outlook  
4.2.1 Solar absorber based on core-multishell 1D nanostructure 
There are two typical ways to enhance the solar absorption by single semiconductor 
nanowire structure. One way is coating a non-absorbing dielectric on the 
semiconductor nanowire. Therefore, the optical absorption by semiconductor core can 
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be enhanced by quarter-wavelength antireflection effect. The other way is forming a 
metal-core semiconductor-shell semiconductor nanowire nanostructure. Thus the 
surface plasmon resonances (SPRs) happening in the metal core will give rise to the 
concentration of electric field in the metal-semiconductor interface, resulting in an 
enhancement of optical absorption. By combing these two methods, a super solar 
absorber can be realized by using metal-core semiconductor-shell dielectric-outer shell 
nanowire structures. Any large bandgap semiconductor materials, such as ITO, SiN 
and ZnO, could be the candidate for the dielectric material.   
As discussed in chapter 3, the optical absorption of a semiconductor nanowire is 
demonstrated to be enhanced by coating an ITO layer on the semiconductor nanowire. 
By utilizing the metal-core semiconductor-shell dielectric-outer shell nanowire hetero 
structures, the local density of optical states (LDOS) can be increased contributed by a 
multiplication of localized surface plasmon resonance (LSPR) in metal-semiconductor 
interface and quarter wavelength antireflection effect in dielectric shell. Here we use a 
combination of GaSb and ITO to further discussion how the dielectrics shell affects 
the optical absorption by semiconductor core. The optical performance of ITO will be 
significantly affected by the carrier concentration. Figure 4.1 demonstrated the 
integrated solar absorption by GaSb of GaSb-core ITO-shell nanowires with carrier 
concentration of ITO equal to 6.1×1020 cm-3 and 1.7×1019 cm-3. ITO with lower carrier 
concentration shows better capabilities to preserve solar energy. This may be 
attributing to the increasing of the free electron absorption in the infrared regime. The 
ITO shell began capable of enhance the solar absorption when the core diameter is 
larger than around 200 nm. This is attributed to the restoration of leaky mode 
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considerably enhanced by employing dielectric shell for cancelling the reflected light 
and metal core for inducing plasmon resonance.  
 
Figure 4.2 Integrated solar absorption by GaSb of Ag-core GaSb-shell and Ag-core 
GaSb-shell ITO-outer nanowires. 
 
 
4.2.2 Realization of optical trapping by semiconductor-core metal-shell nanowire 
arrays 
  In the application of nanowire photovoltaic devices, it is necessary to have contact 
electrode on the nanowire photovoltaic devices to transfer the electric energy 
generated by the photovoltaic devices. Although traditional metal contact electrode 
materials, such as Ag and Cu, can effectively conduct electric current, those metal 
contact electrode materials exhibit significantly optical reflectance. Thus a large 
portion of incident light will be scattered by these semiconductor-core metal electrode 
shell nanowire devices. However, by utilizing vertical semiconductor-core metal 









54  Ag-core GaSb-shell ITO-outershell NW






















electrode shell nanowire arrays, it is possible to trap incident light in the 
semiconductor-core metal electrode shell nanowire arrays. 
 
Figure 4.3 Optical reflectance of sample 1 (GaSb nanowire arrays, green), sample 2 
(GaSb-core Ag-shell nanowire arrays, blue), sample 3 (GaSb substrates with Ag thin 
film, red) and sample 4 (GaSb substrates, black). 
 
Figure 4.2 demonstrates the optical reflectance of 30 nm diameter GaSb nanowire 
arrays (sample 1), 30 nm diameter GaSb-core 10 nm thick Ag-shell nanowire arrays 
(sample 2), GaSb substrates coated with 10 nm thick Ag thin film (sample 3), and 
GaSb substrates (sample 4).   The optical reflectance of GaSb substrates will increase 
more than 20 % once covered with 10 nm thick Ag thin film as the wavelength is 
above 600 nm (sample 3 and sample 4 in figure 4.1).  In short wavelength regime 
(below 400 nm), the optical reflectance of GaSb substrates coated with Ag thin film 
decreased significantly. This may be attributed to the plasmon resonance in Ag thin 
film in low wavelength regime, resulting in the enhancement of optical absorption. By 
utilizing GaSb NW arrays, the optical reflectance can be reduced to below around 20 
% from 250 nm to 2000 nm comparing to GaSb substrates. For GaSb-core Ag-shell 
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nanowire arrays, there will only be less than 5% increase of the optical reflectance 
from 600 nm to 1500 nm, which is much smaller than that in the GaSb substrate 
coated with Ag thin film case. Those results suggest the reflectivity problem of metal 
contacts can be overcome by trapping light in nanowire array structures. 
4.2.3 Realization of 1D transport in semiconductor nanowire devices  
  Semiconductor nanowire has been proven to be a great platform for realizing novel 
1D physics phenomena through transport experiments. By assuming cylindrical 












 . The critical diameter required for Si nanowires allowing 1D transport in 
room temperature is 6 nm. By lowering the temperature to 4 K, this diameter can be 
increased to 54 nm. For semiconductor materials with small effective mass, such as 
GaSb and InSb, these critical diameters are 13 nm and 23 nm in room temperature, 
which are significant than that of Si. Therefore, those III-Sb nanowire materials are 
great candidates to realize room temperature quantum transport. 
  Besides, InSb nanowires have very large g-factor (~50), resulting in very large 
Zeeman splitting energy. This suggests the manipulation of electrons by external 
magnetic field will be much easier than traditional semiconductor materials, such as 
GaAs and Si.  In addition, the spin orbit interaction of InSb nanowires are also very 
large, thus the spin states of electrons will have considerable effect on the motion of 
electrons. Those characteristics make InSb a great platform for testing novel physics 
ideas in spintronics and quantum computation, especially in the search of Majorana 
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fermions. By combining InSb nanowires with superconducting materials, Majorana 
zero energy bound states are reported to be realized in a InSb-superconductor hybrid 
superconducting quantum interference device.[141] This result opened up a brand new 
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APPENDIX A. SYNTHESIS OF NANOWIRES USING A PHYSICAL VAPOR 
DEPOSITION SYSTEM 
In our lab, a home-built physical vapor deposition system was used to grow III-V 
nanowire structures by using VLS growth mechanism. In this physics vapor deposition 
system, a three zone furnace was used to control the temperature of the source and the 
sample substrate, as shown in figure A1. The temperature in each zone in this three 
zone furnace can be tuned separately. The maximum temperature difference between 
each adjacent zone is about 150 degree C. H2 and N2 gases were used as carrier gas 
during the growth. Solid precursor, such as GaSb, InAs, or InSb powder, was placed in 
the zone 1or zone 2 in the upstream of the system to provide gas phase precursor. 
Sample substrates, such as III-V substrates or Si substrates, were usually placed in 
zone 2 or zone 3 in the downstream of the system. The temperature of the zone of 
precursor is usually set to be above the melting point of the precursor to effectively 
convert the precursor from solid state to plasma state. The temperature of the zone of 




APPENDIX B. SUPPORTING INFORMATION FOR THE ETCHING OF 
III-V NANOWIRES 
 
Figure B.1.    	
       ff fi2 /O2 
plasma. The etching pressure, time, coil power and bias power are 0.6 P, 5 min, 75 W, 








Figure B.2. EDX spectrum taken from (a) a BCl3 /O2 etched GaSb nanopillar and (b) a 
Cl2 /O2 etched GaSb  nanopillar. 
       
Figure B.3. SEM image of  Cl2 /O2 etched GaSb  nanopillars (a) before and (b) after 
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